Roll-to-roll (R2R) production of organic transistors and circuits require patterned deposition of organic layers at high deposition rate. Here we demonstrate a vapour-jet process for the rapid deposition of the organic semiconductor dinaphtho [2,3-
Introduction
To fabricate low-cost flexible electronic circuits requires that the various patterned layers comprising an organic thin film transistor (OTFT), which is the basic building block of any circuit, are deposited at high speed in, preferably, a roll-to-roll (R2R) process. To this end, we have been developing a vacuum-evaporation route for the R2R production of organic-based circuits [1] [2] [3] .
Already high-speed R2R equipment is available commercially for the vacuum-evaporation of metal patterns onto fast moving plastic webs [4] and could be adapted for TFT and circuit production. In our recent publications [2, 3] , we have shown that flash-evaporation technology used for depositing polymer coatings onto fast moving webs can be used to produce high-integrity, insulating films of poly(tripropyleneglycol diacrylate) (TPGDA). In this contribution, we focus on the fast deposition of the remaining layer i.e. the organic semiconductor.
To date, most attention has been focused on solution-processing, including spin-coating, ink-jet printing and gravure printing [5, 6] . With the solution-processing route material selection is limited by solubility and wetting. Initial studies concentrated on semiconducting polymers such as poly (3-hexylthiophene) [7, 8] , which usually has a lower mobility than found in evaporated films of small molecules such as, for example, pentacene or DNTT [9, 10] . However, the generally higher mobility of small molecules is now being harnessed by incorporation into blends [11] [12] [13] and by modification with solubilising side-groups as in, for example, TIPSpentacene and C10-DNTT [14, 15] . However, device uniformity is still difficult to control owing to the need for reproducible phase separation in blends and, more generally, overcoming drying effects such as the coffee ring phenomenon [16] . Solution processing can also be wasteful of material and care is required in maintaining solution purity, solvent handling and equipment cleaning.
By contrast, the related issues of material solubility and solvent handling are not relevant for vacuum processing. This enables a much cleaner process with a wider material selection.
However, the highest mobility in films of evaporated small molecules is achieved by slow evaporation with deposition rate usually less than 1nm/s [17] . Material usage is also relatively high as patterning is normally achieved using shadow masks.
Organic vapour jet (OVJ) deposition has been used successfully for the production of organic light emitting diodes (OLEDs) for many years [18] . OTFT production using OVJ printing has also been successfully demonstrated [19] [20] [21] . In this method the semiconductor is vaporised in a source cell and carried in an inert gas flow to the orifice of a narrow bore tube to produce a vapour jet that can be directed at relatively small localised areas of the substrate. This approach can be used for patterning and is essentially the vapour analogue of inkjet printing and results, therefore, in reduced material usage. Since our preliminary report [3] on TFT production using OVJ deposition of the semiconductor DNTT in a R2R environment, we have undertaken a more detailed investigation in which local deposition rates as high as 200 nm/s have been achieved at a substrate speed of 0.15 m/min. Optimum OTFT characteristics are generally obtained by buffering the surface of high-k dielectrics with a low polarity film e.g. thin aluminium oxide films treated with a self-assembled monolayer of phosphonic acid [22] . In our case, it was found to be beneficial to buffer the polar TPGDA dielectric with a thin, spin-coated film of polystyrene to produce a low polarity surface [23] . As an alternative to spin-coated polystyrene and in keeping with the aim of developing an all-vacuum, R2R-compatible process, we also report here the vacuum-flash evaporation and curing of a thin film of lauryl acrylate as a buffer layer on TPGDA. Using this approach we have fabricated, at high yield, both OTFTs and ring oscillators in an all-vacuum R2R compatible process.
Experimental

Sample preparation
Bottom-gate top-contact transistors were fabricated based on surface-buffered TPGDA as the gate dielectric and DNTT as the active semiconductor. The substrates were 125 µm thick polyethylene naphthalate film (PEN) (DuPont Teijin Films), patterned with a thermally evaporated Al gate metallisation layer. TPGDA (purchased from Sigma-Aldrich) was vacuumflash evaporated onto the substrates, which were taped to the coating drum of the Oxford vacuum web-coater (Aerre Machines), and the acrylate monomers were polymerised in situ by exposure to an Ar plasma . The polymerized TPGDA layer was ~450 nm thick with a capacitance per unit area ~13 nF/cm 2 . The full procedure for flash evaporation of TPGDA can be found in our previous papers [1] [2] [3] .
To optimize carrier mobility, the TPGDA dielectric layer in some devices was buffered with a ~40 nm thick film of polystyrene (Sigma-Aldrich) spin-coated from 0.6 wt% toluene solution at 3000 RPM prior to evaporation of highly pure DNTT (synthesized in Manchester University). In other devices, and as part of the same integrated process, the TPGDA layer was buffered in-situ with a flash-evaporated and polymerised thin film composed of a mixture of lauryl acrylate (Sigma Aldrich) and 1,6-hexanediol diacrylate (HDDA) (Sigma Aldrich) (5:1 volume). In this case, the buffer layer was electron-beam cured (2.6 kV, 90 mA), so as to reduce the possible effect of O incorporation due to the plasma, in a second station in the web-coater while maintaining a drum speed of 5 m/min immediately after the main acrylate insulator layer deposition. Multiple pass deposition and curing was used for processing convenience but a single pass R2R process would be feasible as long as curing power is adequate, as R2R curing of acrylate layers (at web speeds of up to 5m/s) has routinely been achieved using this equipment.
DNTT semiconductor layers were deposited either onto stationary substrates by thermal evaporation (0.05-0.1 nm/s) in an Edwards 306 thermal evaporator at ~5 x 10 -4 mbar, or onto moving substrates by OVJ deposition in a purpose-built, medium-vacuum (10 -2 -10 -3 mbar) evaporation system. In both cases, the substrates were held at ambient temperature. For OVJ deposition, ~20 mg of DNTT powder was contained in a copper vessel held at 300ºC. Pre-heated Ar gas was fed at 6 sccm into the vessel after passing through 10 meters of copper pipe held at 260-280 ºC (see Graphical Abstract). A jet of the DNTT-loaded Ar vapour was directed to the substrate via a copper pipe fitted with nozzles of different size held close to the rotating coating drum. The substrates were attached to a rotating drum controlled by a DC motor.
The transistors and five-stage ring-oscillators were completed by depositing a 50 nm thick gold source-drain metallisation layer through a shadow mask. The aspect ratio, W/L, where W is the channel width and L the channel length, of a single OTFTs was (2 mm)/(100 µm). For the unipolar, saturated-load ring oscillator the aspect ratios of the driver and load TFTs were identical to those used previously [2] i.e. W/L (driver) = (4 mm)/(50 µm) and W/L (load) = (0.4 mm)/(50 µm). After a few trial runs, it became possible to routinely fabricate batches of 21 transistors with 100% yield.
Characterisation
Spin-coated buffer layer thicknesses were measured by coating directly onto microscope slides for measurement with a MicroXAM 5000B 3d ADE phase shift interference contrast optical profiler. The edge steps were created by scratching part of the film. It was not possible to measure the thickness of the evaporated buffer layer -the underlying TPGDA layer was too soft to create a clear boundary and on glass the adhesion was very poor, presumably owing to a lack of cross-linking sites.
The semiconductor layers were characterised using a Siemens D5000 θ-2θ X-ray 
where Idsat is the saturation source-drain current, Ci the capacitance per unit area of the dielectric layer, Vg the gate voltage and Vt the threshold voltage. Mobility was calculated from the slope of the linear section of √Idsat versus Vg plots while Vt was obtained from the intercept on the voltage axis.
Results and Discussion
The process parameters used for the OVJ-deposition of DNTT are listed in Table 1 . The first set of samples used a nozzle of diameter = 2 mm, the local DNTT deposition rate onto a substrate moving at 1.5 cm/s was ~10 nm/s. This deposition rate is more than two orders of magnitude faster than previously used during thermal evaporation onto stationary substrates. In the present case, the scatter in mobility and threshold voltage may have arisen from the poorer registration between the OVJ nozzle and some of the devices -the centre of the vapour jet was not always located over the channel region. As described below, the lower mobility measured in these more rapidly deposited films may well have arisen from their poorer crystalline structure. (002) and (003) lattice planes of DNTT. The OVJ films deposited onto moving PS and silicon substrates showed the same in-plane lattice plane peaks at the same positions, but also three additional peaks at 18.0°, 22.7° and 27.2° corresponding to "out-of-plane" (110), (020) and
(120) lattice planes [24] . These additional peaks indicate the presence of a significant amount of out-of-plane oriented crystallites in these films, which was not significantly affected by the different substrates. The presence of these out-of-plane crystallites is indicative of a less ordered film and likely, therefore, to be the main cause of the reduced mobility in the OVJ-deposited DNTT compared with films thermally evaporated onto stationary substrates.
To increase deposition speed and reduce vapour jet area we reduced the nozzle size from 2 mm to 0.4 mm. Simultaneously, the distance to the substrate was reduced from 10 mm to ~2 mm ( Table 1) speed -on the contrary, in three transistors within the group of seven the mobility reached ~0.6 cm 2 /Vs, with the spread in values grouped around a greater mobility. The transistors showed low off-currents and high on/off ratio and a reasonably narrow distribution of all parameters when measured in air in the dark. As in the lower speed batch of transistors, the devices had high negative threshold voltages. The greater scatter in mobility values were probably due to imperfect registration. That some devices showed mobilities as high as 0.6 cm 2 /Vs is encouraging and suggests that optimization of the process would be beneficial. The negative turn on voltage could result from absorbed water near the semiconductor/dielectric interface that act as hole traps reported previously [25] .
Equally important for device performance is the dielectric surface layer. In previous work, a polystyrene buffer layer spin-coated onto TPGDA was used to improve the hole mobility in DNTT. In order to achieve an all-evaporated process, we have investigated a R2R-compatible process for vacuum deposition of the buffer layer. This involved the flash-evaporation of lauryl acrylate, a monomer with long, non-polar section mixed in the ratio 5:1 with HDDA followed by e-beam curing. After coating the TPGDA surface with the buffer layer the water contact angle increased from 60 o to 90 o , suggesting a significant reduction in surface polarity.
The bare and functionalised TPGDA surfaces were characterised by XPS, in particular concentrating on the high-resolution C1s spectral features (Figure 4 ). These were fitted with three curves, the minimum number necessary to get a good fitting (standard deviation of the residual peak close to unity). The main peak at around 288 eV is from carbon in C-C and C-H To compare the effectiveness of the lauryl acrylate buffer, three batches of transistors were prepared on bare TPGDA, PS buffered TPGDA, and lauryl acrylate buffered TPGDA. For this investigation, DNTT was deposited by thermal evaporation onto stationary substrates. Figure   5 shows the transfer curves of one typical transistor from each group which reflects the general trend of the three. Their performances are also summarised in table 2. Both buffered transistor groups showed equally good on/off ratio of about ~10 5 and mobility of ~0.6 cm 2 /Vs which is significantly higher than the ~ 0.05 cm 2 /Vs obtained from devices made on bare TPGDA. The lauryl acrylate buffered sample showed slightly more negative turn-on and threshold voltages than for the PS buffer, likely due to its slightly higher surface polarity and hence affinity for water. It is known that absorbed atmospheric moisture can be a source of hole traps which is reflected in transfer curves as a more negative turn-on voltage and eventually lower mobility [25] . The un-buffered transistor in this work showed carrier mobility of ~0.05 cm 2 /Vs, on/off ratio of 10 4 and turn-on voltage close to 0 V. The low mobility was likely due to the undesirable surface energy which is prone to yielding poor crystallinity at the very near surface in deposited films of small molecule semiconductors as discussed in our recent paper [23] .
We have also deposited DNTT by OVJ onto the lauryl acrylate functionalised surface, using the 2 mm nozzle at a substrate speed of 1.5 cm/min. Three substrates of 7 transistor arrays were processed. Two devices were damaged by mishandling during source/drain contact evaporation. The remaining 19 devices were fully functional. The transfer characteristics are shown in Figure 6 with the distributions of key transistor characteristics. Compared with the PS-buffered OVJ-deposited samples with the same nozzle size, the distributions in threshold voltage and on/off ratio with the lauryl acrylate buffer are in a narrower range, with a comparable spread in mobility. The high yield is encouraging for further development of this in-line deposition option.
Having established that we could fabricate OTFTs with moderately good performance in an all-vacuum process, we proceeded to make and test a unipolar, saturated load, five-stage ring oscillator of the same geometry as used previously [2] . Here, though, the DNTT was deposited by OVJ in two stripes on the lauryl acrylate-buffered TPGDA, one each over the load and driver transistors as illustrated in the inset in Figure 7 . 
Conclusions
We have demonstrated the feasibility of using vapour jet deposition of small organic molecules to make transistors and simple circuits. Deposition rates using the technique, up to 200 nm/s, were some four orders of magnitude greater than used in traditional thermal evaporation. On polystyrene-buffered TPGDA, this resulted in only ~50% reduction in mobility even on substrates moving at 15 cm/min. By replacing the spin-coated polystyrene buffer layer with flash-evaporated lauryl acrylate, we have also demonstrated an all-vacuum, R2R compatible deposition process for the fabrication of thin-film transistors and circuits. Future developments will include improved surface functionalization to reduce further the surface polarity of the gate insulator and high-resolution patterning of both the insulator and semiconductor layers. 
